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OPTICAL DETECTION OF DENTAL DISEASE USING 
POLARIZED LIGHT 

The United States Government has rights in this invention 
pursuant to Contract No. W-7405-ENG-48 between the United States 
Department of Energy and the University of California for the 
operation of Lawrence Livermore National Laboratory. 

5 BACKGROUND OF THE INVENTION 

Field of the Invention 

The present invention relates to the detection of dental disease 
using polarized light by optically measuring the depolarization of 
incident light backscattered from dental tissues. 
10 Description of Related Art 

Dental caries, or tooth decay, is a pathological process of 
destruction of tooth structure by oral microorganisms, which can 
lead to tooth loss if untreated. In coronal caries, lesions begin in the 
' ' eriamel and cause deniifteralization of the enamel This 
15 demineralization changes the scattering properties of the enamel, 
resulting in chalky or "white spot" lesions visible when the caries 
occurs ;bn smooth, unstained ertamel surfaces. If the carious lesion is 
. . detected before it reaches the dentin, remineralization is still 
possible. After the carious; lesion has reached dentin, however, 
20 inflammation of the pulp Occurs, requiring a filling and leading to 
■ serious tooth decay and eventual tooth loss if untreated. Restorative 
dentistry is most effective When the progression of caries is detected 

early before it reaches the dentin. 

Current techniques for diagnosing caries are visual inspection, 

25 mechanical probing with a sharp dental explorer, and^adiographic 
imaging. The tooth can b^tactilely and visually explored to 
determine the presence Of indicators of tooth decay such as surface 
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irrc^uiarities, crevkes, or Jiscuiordton. However, the practice oi 
probing aii accessible iooth surfaces wiui a sharp explorer is cbzvr ^ 
under increased scrutiny ixnce it can further damage enanvel already 
weakened by decay and may also cause cross-contamination * :ir: 
between teeth: As tooiH decay primarily affects the region oJ 
calcium below tne tooth sm: r ace; dii^cL^ 
damage occuhsint. lootri is very dmicuii } - : 

6y the time caries is evident vatder visual arid taitiie 
examination of che Doth, the disease is usually an advanced stage, 
requiring a fining and occasionally leading to iooth loss. As a 
consequence of conservative diagnosed and Garment, there are false 
positives leading to unnecessary drilling and placement of 
restorations in healthy teeth, currently there is ho accurate cievice 
for determining whether restorations ar i in need of repiacon leiit; 
resulting in enormous costs tibni die unnecessary replacement cf 
good restorations arid compilations ouch as root canals from hoc 
replacing defective or agfea restofaUchs. 

Radiography is often used tor detection of cavities, since it 
provides integrated views of tooth structure ih3t in certain 
orientations can isolate carious lesions. The sensitivity of 
radiographic systems, however/is limited by visible changed in film 
density, makihg identification of small carious or precarious regions 
difficult. Sirice'radiographs are two dimensional, precisely locating 
the position of such decay is impossible. Moreover, due to the 
orientation of the x-ray imaging, only interproximal lesions foetween 
the teeth) are easily detected, while early occlusal lesions (top or the 
tooth), are difficult to detect, in addition, radiography uses harmful 
ionizing raaiation. 

Given the disadvantages of current detection teciuiiques, a 
need exists for a device that provides safe, early diaghosis of caries. 
This invention applies the technique oi polarimetry to image dci;ial 
hard tissue and detect the presence of caries based bri 'the 
depolarization of incident light. The invention also has the potential 
for detection of disease in bone. 

Polarimetry is a well-established tool for non-invasive 
material characterisation and involves comparison of the 
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po^i£atiQn,stat(?s p/^gh^efpr^.an^^ t^el^ht interacts. w 5 j^_ . 

imaging ; $f Jhighl y. scattering me<fi I ia, such ^ biological tissue,, has , 
been stucJLiecL ^he effepj of scatyeririg^gn the^la^ization^state.of 
5 light has.been foinid to>l?£ .ryy*.n : 

,$i^5jarface ; stru^ 

imaging of deep structure^,. £e^. Rp.we,^: $L, ^P^Iyi^ati^r^if^rep^ 
imaging ^ a^iQl^gicailyanspked, techriiqju^ fpij observation through 
gcattjpnng.medi^; r> Qptics Letters 2Q:6q8-610 ^9^), :; ,lt.ha$. also been 

10 showathat thescatjt^ the^ 
scattering coefficient ^an^anispt^opy factor g, can be determined 
from diffusely scatt^retf .polarized l.igl^, See Hielspher et al.,.., , 
"Qifjf use J?acJf scattering Mueller, matxkes p£ t highly scattering 
me&^Q^^ ,;, 

15 y fPolarimetry jnay b£.,combin ? ef^^itlj | 3 secprid jpethod, optical 

coherence domain ^^^^ tometry.CC^n^^ ^hichwas, developed, as a 
high resolution ranging techrvi^ue for j^^acterization of optical t 
components and was base4 pnJb^l^ et aL, 

''Optical coherence-dpm^ .reflectoir^etcy: a i)ew pptical^^ajuation 

20 technique", OpticsLefters 12(3):158-160 (1987), TJte fi^t fiber optic 
^>ased OCDR system was cp^tructed by theJJ.S. National Bureau of 
Stewards fpf microroptic teqhnplogy. See Danielson et al v "GjLfided- 
wave refl^ctometry with micrometer resolution", A pplie d O ptics 
26(14):2836-2842 (1987). 

25 „ v OCDR uses a low coherence Michelspn interferometer to . 

probe the. sample, generating reflection signals as a function of . 
detpjh. When the probe beam is trarayersed across the sample, a 
series of axial scans can be stacked together to form a high-resolution 
twcKclimensior^al optical cpherence.iQ^qgjram. See ^ee et al, 

30 'Trp^lometry witka coherence scanx)ic\g injcroscope", A pplied 
Optics 29(26):3784-3788 (199% pptical coherence pornography 
(OCT) was developed to produce cross-sectipnal i r ijaag|?s of biological 
microstructure by c^mbirdn^^^psverse scanning with a fiberoptic 
OCDR system. See Huang et al., "Optical Coherence.Tomography", 

35 Sdence?54;1178-;i81 ..^l). t) y 4 S f : Patent Np. 5321,501 discloses the 
general means for cpnst^ctipx) of an OCT.syste.np, specifically as it , 
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applies to OCT imaging I'ne eye far -diagnosis oracular diseases: 
U.S. Patent No. 5,459,570 discloses OCT ihiagthg of bioiogicaFtisslic?; 
including measurement of. tissue optical properties and the use r»f 
polarization sensitive OCT (PS OCT) ; to measure tissue birefringence. 
These OCT dev: a: s - provide im?£lng in the eye m v d circulatory, 
system. • • r-.. , ~TT7!!7TU ■■ " *' 

P5-OCT Kv. aJstU^n xped fof ^asuri 1 ^ 
teeth in.an.un5uc:e?sfui attsmptat carigs . detec^.Qp. ;) -Thi6.attem^ . 
was ^unsuccessful because furies causes light to became, depolarised * 
by -changing the sea tteri ng :pef ficu?nt of th? enarne} r?.ther than : « 
significantly affecting ths birefringence of the enamel . See 
Baumgartner et al., ''Optical cirtie::^^ 
structures" . Proc. SPIE 324ft; Laceti 4n Dentistry IV, John D, 
Featherstone, Peter Rechir«$;:j>.^P%vidl S; Fried> ed$-, pp. 130-136 
(1998) ■ :-• : : . • Vl ,;.o . 

The application cf OCT fjo: ^?r.tal applications was pioneered 
by the University* of G.alifG^3;a>l^7^iecQe Li vermcre Nation^ 
Laboratory. UvS. Patent No. 5,570422 assigned to. the University of 
California, -discloses the use of OCT f or djagnosi^of dental caries 
and periodontal diseases. Co-pending U.S. -pa tent application ISeria! 
No. 09/315,000, assigned to the same assignee: describes a. dental 
explorer device for detecting caries and periodontal disease using 
OCDR, and is incorporated herein by .reference. In order for OCT to 
be practical and convenient for clinicians to use on patients, an 
OCDR dental device was developed in ths fora of a hand-held, 
portable explorer tool for noninvasive!)' probing teeth, and ether 
dental tissues. The OCDR explorer was designed to. safely and 
accurately collect intraoral OCT images of dental tissue and 
microstructuce i n vivo for evaluation of dental health. 

The capabilities of the dental explorer device have been 
further expanded and improved in the present invention by the 
incorporation of polarization sensitive diagnostics. The invention 
uses PS-OCT to measure the depolarization of light associated with 
optical scattering, rather th^n changes in polarization state associated 
with birefringence, te detect demoralization and caries. .By taking 
advantage of the ability of polarfmetry tc both image tissue and 
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detect changes in its. scattering properties a-powerfuj diagnostiotpol 
h^s baen developed foff detection q^carious^ons., , .< ,o ; , , . r - 

10 h : - SUMMARY OF THE IN VENTflON " • n ■ 1 

- This invention provides an Optical techniqUS Srfd dental tool 

5 that use polarized light fb£*^fotitfr^i^ty^Vttik$&&j ■■ - : : 
diagnosis of the state and structure of hard bioTogTcaTfissues (e.g./ . 
teeth- arid "bone):" ffe inve*H36~^ of 
preczribus and carious rlesiofftV and ^rifa^be'-U^fidl^'^albatioiittf':- 
de'h^restof atibns." The method isbaseCton Optically-detecting the 

10 change in polarization 6f the incident light fesackscattered . f romdental 
tissues. In particular', 'the d'emlneralizatioh of -tooth enamel that is 
the precursor to caries disease-modifies the Scattering properties of 
the tissue, resulting ^depolarization of the incident light, which is 
then detectedby the optical imagMg sysleffi: ■ = • ' • ■ • 

15 In the present invention, the tooth (or other mineralized 

tissue) is irradiated pofcir l^ht^iaving a selected or known 
polarisation state/ either circuit; ■Ms&pW- alliptical. Lighr j 
bacfecattered from lfi^lbbi»^ : 4^1^J^*UlSih,g optical* ' v 
polarimetry to determine V.'S degree of polarization. The" tooth can 

20 also be^irradiated with multiple polarization stated sequentially to 
differentiate betweeVi changed ih'polarization state associated with > 
birefringence and depolarization. Depth-resolved images of the 
deminef alization of the eriafme! can be obtained based on either the 
temporal or spatial coherence of the ineidentiight by using optical 

25 coherence dom'airirefiectdmetry or eonfdcal imaging, respectively/ 
and incorporating polarirrfetry: ©epth^resolved information about 
the depolarization is useful'as it enables identification of subsurface 
precarious and carious lesions arid minimizes the effects of fresnel 
reflections from the front surface of the tooth; which can make the 

30 results more difficult to interpret' ' 

•TBe polarization seriaatKfe optieal--imaging- : system:Cari 
incorporate a dental explorer fool, which Contains one or more 
optical fibers that ihdefpendently couple light from the optical ••• 
•imaging system -to the tip of a dental prcbe. The probe is placed - ; 

35 agaihsr the tooth (or hard tissue); and light from the fiber at the tip- of 
the probe is directed m«o the ehafmel: The light reflected or ' ' 
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backScattered from the- tissue isrtheri coiiecied by an optical fiber and 
detected by ihe opticar imagirig feysWm. "In a preferred 7 embodiment, 
the polarized light is delivered and collected using a polarization 
sensitive OCDR system, : wbfrh proyi^aL single point profile of 
optical scattering (and thus tissue ^tcrrr>ti ^ uctuie) as-a funcuo.iof 
depth. . :v; v : . . _ . - *^ — a*-- _~ - 

The OCDRi>ys.tem consists of irght source' split by a 
beamsplitter or fiber ^ptic coupler into a sample, anr and.refo.:^.ii\2 
arm. Reflected or feackscgtt: redrlight from thefeue is collected in 
the sample arm and detected by heterodyning with fho ligh: :.n the 
reference 2rm. Only the photons in the. Sample arm that have 
traveled the same optical path lengtb as the photons in the reference 
arm (within the coherence length of the source) generate a 
heterodyne signal. Thu$, : jby ¥?ty3. ig.ths path length of the inference 
beam and recording the a;^/it^':? QX the heterodyne sign-i iho 
OCDR systerr. rvevuze* *ke toWenofrweHmrit of the bosu* is a 
function of depth. By moving >he dental f^obe .transversely across 
the tissue, the di.ric.bn can, obtain * r.srier; of, profiler cf tissue 
microstructure. These profiles are combined tc form a cross- 
sectional, cr optical coherence tomography (OCT), image of "hi 
region of interest in the oral cavity The pakrizntioc. sensitive 
OCDR/OCT systems provide images of polarization state as a 
function of depth. 

The object of this invention is to provide a dental topi that 
uses the depolarization of incident light to detect changes in the 
tissue microstructure that are indicative of disease. Another object of 
the invention is to provide a dental tool that combines polarimetry 
and optical coherence domain reflectometry. It is further an object of 
this invention to combine polarimetry with optical coherence, 
tomography to generate depih-resolved images of the degree of 
polarization of light passing through tissue as a function of tissue 
depth. The invention uses VS-OCT to measure the depolarization of 
light associated with optical scattering, rather than effects due to 
birefringence. This invention is particularly suited to detecting the 
demineralization of teeth associated with caries, and may be useful 
for detecting demineralization of other mineralized tissues, such as 
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t?one r Qthex pbjec;t$ and.a<iY^tage? of th^pres^nt jUiyention will; j;j . ; 
become app^ent feom the following .descjription a^ accoippanying > 
drawings^ . r l:r4 r . ;^^o : : : , ; . V-:,-^ ,. :;>.:. 

V: - . PRIEF>DESG^aPTlON QE fHE D&W7INGS 
5 The accompanying drawSr 3$/- which ate incorpdr atgd into . 

and form part of this disclosure, illustrate emBodim5fffs ofthe " 
invention and together ^Witfc^^S^Ls^ipti^ Serve id **kp&itl -the 
principles of the inventions > ^nt r.y v;> v:v. t o •,. i > .-.•:•-.*:-" •• s 

; Figure 1 shows ; a>poterime^^ * 
10 present inventions. * ^ir 1 >•-; .^.•. r r; .^:^r^ 

Figure 2 shows a pdarization sensitive optical imaging 
system using optical coherence ddrflfcitt reil&ctdmetry with bulk ' 
optics. - ■>:• ] : ; .'r:. 

. Figure 3 shows a fiber optfe ba;5ed polarization sensitive 
15 optical:imfcging .sy$Wrft"use<J i^the |&re^in3r\veiitibn. 1 • 

Figure 4-shows aft^ihb'Odtf.lAfei'it 6f^hian^4veld fiber optic 
dental probe according: ic ikeipres 

Figure 5 shows an embodiment of 2rv optical polatimetry : 
imaging system used in the 'pffeSent invention. 
20 Figure 6 shows a ptot'irf extinction ratio as a function of 

transverse position £or demiijeraMzed tooth enamel and normal 
enamel. . .-.v. > > ; :o v-. . /. 

DETAILED DESCRIPTION OF THE INVENTION 
The present invention is a dental tool and optical method for 

25 detection of caries by 'measuring the depolarization of light 

backscattered from harcl dental tissue, such as enamel. Polarized 
light is directed at the dental tissue to be examinee!, and the light 
backscattered from the t issue is then collected and the change in its 
polarization state measured. The polarization state of the ' 

30 backscattered or refrected light can be analyzed either using optical 
polanmetriic imaging techniques or using polarization sensitive 
optical coherence domain reflectomefry (P5-OCDRJ and optical ; 
coherence tomography (PS-OCT) systems, which measure the 
depolarization as a function of tissue transverse position and depth. 

35 Thk lignt used for probing tne dental tissue Is in the visible or hear- 
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infrared (e.g., >70j run,, ihns avoiding ;ne ioru*dr.g radiation vsed ;ri 
radiography. 

The present invention is particularly useful 'or defecting 
precarious and cari n?.s lesicxis. Ao indicator of caries is 
deminerahzation or the enamel, w. tch causes ^v*g->-aftgle scattering < 
and ch&riges the icatteriAg^'jefSdeni cf cfSffist^Iris scaKBfKg"' 
affects the polarization State' of She Ir^ :i .A^riercdWkeflictei back 
froih the tooth. Speafically; light sea tier rd front normal enamel 
remains polarized, wiiile light scattered from demineral; zed ena.iit i * 
becomes depolarized. The invention measures the polarization state, 
or amount of depolarization, of the backscatter^d light, thereby 
detecting the degree of demoralization in the enamel. Op tical 
polarimetry using a CCD camera arid polarizers is useful for 
imaging of surf ace caries a nd images a auniber of teeth 
simultaneously, while PS^CCDR 01 1 ^CCI systems provide depth 
resolution, improving the se ^tiviiy of the system ib : "caf?.ss and 
enablmg identilicatidiiioiF'Subsui^a^e demir«e-ralizaddh' sites', i^epih- 
resolved imaging can also be achieved through confocal imaging. 
Confocal optical imaging systems are known in the art (e.g., sec U.S. 
Patent RE32,660 to Lindow et ai ): 

Figure 1 shows an embodiment of a polarimetric imaging 
system used in accordance with the present invention. The sample 
10, such as a tooth, is illuminated by a low coherence ligh; source 12 
followed by a polarizer 24, an optional wave plate 16, and a 
collimating lens 18. The polarizer 14 and collimator 18 cause an 
inddent beam of polarized light to be focused cri the satnple !&; - 
while the wave plate 16 makes the polarization state adjustable. Itie 
inddent beam has a known polarization state. Any polarization 
state can be used: drcularly polarized, ellipticaliy polarized, cr 
linearly polarized. A series of different incident polarization states 
can also be used sequentially: The use of a series of polarization 
states makes it possible to discriminate the changes in polarization 
assodated with depolarization frdm biref ringence-ind uced 
polarization changes. 

The reflected scattered light f rdm the illuminated sample 10 
passes through a wave plate 20 and polarizer 2i, and then is imaged 
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ontp- ^/Jetecto? 24, such as a GCQ camera phptodetector, An , . , , 
optional optical bandpass filter 26 may be inserted after the polarizer 
22, asrshowa.. The bandpass iilteij 26 is used to Reject the wavelength 
band for optimum discrim^atior. betvyeen.normaji enameland 
5 carious legions.. T^e-,polarj^er/w^ve plaAe c^mlpj^ation ejects the r 
, ^ apprQpria.te.;Pplariw.tjip l n s^teg |^J^^(?^^^^^c^r 24, ^ , 

polarizer ,22 in front .of the Rector 24 oriented to pass^prizontally 

1 0 polarized light The it wo : px>lar^ation States , could .also, be measured 
simultaneously, using two detectors or Q^D cameras. , The two 
images are processed by an analyser 2$; which includes a computer, 
A third i^geis.g^n^t^byjU^fi^^^ which displays the 
amount of depolarization pc^urf iftg ?X ea,ch location on the surface of 

15 ea,ck sample., by taking the^tio or a related mathematical f unction 
of thetworjmages (for,instanc3, $e$ffrger$? of tr^e two images over 
th,e,sum of; the tvyo images 

with a; series of pplarizatiorv states, this process wpuld, be repeated . 
for :each incident polarization ^ ,sta^, and . the depolarization is 
20 determined based on all of the images.. These measurements are 
ratiometriq and, thus should perelatively unaffected.by .... 
environmental factors such as changes in the light intensity. Such a 
system is easUy incqrporated into^; camera system designed for the 

oral cavity.. , . \ -~ .-.„.,. p« \ <• ; ?» 

25 This.polarimeti-ic imaging system can detect demineralized 

enamel at the surface, of a sample, tooth. In some cases, the.enamel at 
the surface reminerali.zes as the caries progresses into the. tooth ,.. 
towards the dentin, which reduces suxf ace,ef f ects of the lesion. X- 
ray radiography, which uses har,mfu|L ionizing radiation, is currently 

30 the only available technique for detecting these.subsurf ace.lesions,. 

The polarimetric tediniqueof ^.^r^sen{inv^ntipn { .w.bea«>mbii^!d 
with depth-resolved imaging techniques^such as optical coherence 
domain reflectometry (C^D^^^^p^calxohei-eAq^Aproograp^y 
(OCT) or confocal imaging, can also detect these, subsurface caries, 

35 -Figure 2 shows an en&pfjiment of a polarimetric,, depth- 

resolved optical imaging system: based on CCDK/OCi; using bulk 
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oprics. "i£&s sysien* has a ii^hl souix-^'SO tiiar produced an iniid^ru 
beaiTi of light :hat L? coiiin'ia lid i\sa>g optics 32 and polarized by c ; 
polarixar 34. The source i<0 is typi>: aiiy a broad bandwidth \6h ihe 
order of 50 run) amplified wp:»:!.araou;i emission (ASE) source 1 siid'4 
5 as a superiuminesf:ent diode or .;Lr.c A JL soufce operating in the - 
. ^ visible or rear infrared. Tn« [:ula.». lighi'TS^SjJiffby ainori- ■ 
polarizing beamsplitter 26 ii^o a iefeeice arm 38 and a sample arm 
40 of a MicneJron int^rfevCiiietc-r. T^e tainple beam may pass 
through a wave piate *2 anu optics :k before illuminating the area }f * 

10 interest on tne sample 46. The piate 42 (or ifetaidation piate) in 
the sample arm 40 control llui stale or poianzacion of the light . 
incident on the sample 46 and Awakes h possible to illuminate- the 
sample with a series of diffeie.it p-vlai v-alaoi, states sequentially. 

The reference aim ~Z piovkk* a variable Optical delay. The 

15 reference Deam is directed & i v^i .■ eiice lAirioi 48, which is 

translated in the direction or L^cim jA^agation to vary the path 
length. The reflected bz^ii k*^ the reference minor 48 and the 
backscattered iight from the sauiphr recombmed by the 

beamsplitter 36. A polarizing cube (or be&msplitter) 50 splits the 

20 recombined beam into its horizontal and vertical polarization 

components, which are thenfecused by optics 52 and coupled by 
single mode fibers onto two photodetectors 54. A quarter- wave 
plate 56 set at 22.5° to the horizontal in the reference arm 38 rotates 
the iinear polarization of the returning light by 45° such'iHaf it is 1 

25 split evenly between the two detectors 54.' Thus quarter^ave" plate 
could be replaced with any polarizing optic which Causes' eqjiial ° 
amounts of light to be hi the vertical and horizontal polarization 
states. 

The information recorded by the detectors 54 is tht?n - 
30 processed by an analyzer C2. Depolarization is quantified by the 
analyzer by measuring the relative interisi'des of the heterodyned 
signals in ihe two orthogonal polazization states. Backscattered light 
from the tissue is collected in the sample arm and measured as a 
function of depth in the tissue by varying the reference arm path 
35 length while the measuring the heterodyne signal. A heterodyne 

signal is generated when ihe light in the sample arm has traveled the 
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saro^pptfcal p^ttijlep^th^s ^^gJ^WWj^f refere^c^arnj r wi*Hn;t)}? 
coherence length of the source,. . { ^^)^(in| the pafhle^g^.qf,- 
the reference beam and recording the amplitude of the heterodyne 
signal on each detector as,^, function QfjPathJength- the pCDR 
5 system measures the amou$5pf ^g^tbackscattered from the tissue 

and its P?l ; ariM.tion=sta^ f as ( aiv}pf^o^ of ftans^Kg^osition and._. ..... 

>„dding transverse scanniijig to the 0 sample arm results jn a 
polarization-sensitive OCT system, gyrating two-dimensional ... 

10 - cross-sectipnal maps of the polarization state of the light; within the 
sample. .A.seriqs of one-dimensional scans are combined to create 
two-dimensional intensity and polarisation plots. The acquisition 
times for cross-se^pnal images a/e less than one minute, and . . 
typically on {he order of .second^ Jhjs qgpcpach provides depth- 

15 resolved jiJ^Qrmation ab,pu^ 

the identification of -supsujrf^cj^itef fiJf djeimn^eralization. Transverse 
scanning mechanisms are.descr(bed4n cp^nding US, patent ^ 
application; Harui-Held Dental Imaging Kevice. Serial No. 
60/1,16885, co-ass jgned ^.the same assignee, which is incorporated 

20 herein hy reference, f- -. > 

... An alternative embodiment^ the polarization sensitive 
OCDR/OCT system would eliminate the axial scanning/, and instead 
simply modulate the pathlength of the reference arm a distance on 
the order of a, few microns or less. This system, would then measure 

25 the depolarization of the incident light.backscattered from a fixed 
depth in the tissue. .. vVv , ...... . ... 

The OCDR/OCT system despribed a)?pve for Figure 2 is a 
bulk optic system and therefore not easily deployable for in vivo use 
in a dental pffice. A more practical system offers ease pf use and 

30 portability,, such as a fiber optic ha.$ed system. A fiber optic 
pol9^tio%§ensitive O^^QC^,sy^te^ follows, thesajne 
.,, principles as,thesystem showninFiguJce 2, but using polarization 
maintaining (PM) fibers and replacing mo^pf the bulk optic . . 
components with in-hne fiber pptic components, r 

35 , figure 3 shows a. diagraxn.pf a fiber optic based polarization- 

sensitive OCDR/OCT fys,tem suitable for in vivo measurements. The 
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b'Jtik Op,.lC yOiutLZCTo aild .^eaiilSpiiitfci' S.iCvv'n hi i'igUife 2 alt 

replaced with art "inline libit optic coupler or beamspdaei and in- 
line polarizers, and 'die i'ree.space between the components replaced 
with PM optical fiber SC. 'l* k =i reference ami length can be varied 
with a retro-reflector (or mirror) 60 .driven by a galvanometer: The 
detectors, wave plaieo,'aha -:± * «;. ,g jcSTerhas? t the^ame at nT 
Figure 2. Tiir cvJy sig-ni^caf;.; ^gi.rn jnl ..equned is the coupling of 
light : from the reference ar.n i'ihcr cn:o me reiro-reflecioi JO and ihen 
back intdtlii fiber. Even fcUsbuix optic reference arm cah be 
eliminated by using a A .^c^Ieccric iransducer system to vary hie 
length of die reference arm fiber and /or the sampie arm fiber. 

1 he fiber optic based system ens ares that the detectors J4 
collecting the two polarization states are always identically aligned 
for the light reflected from flu i : - 4 'b., ; encv; im. ana the sample aim, 
greatly enhancing the re'iiabiL.v and ease of use of the system. In 
addition to improving die reiiaodity of the system, thess changes 
make it possible to use the j/dtewi for iii vivo measurements, as it is 
possible to use an optical fiber to p. obe .ne oral cavity. 

Figure 4 shews ah embodiment oi a hand-held fiber optic 
dental probe according to the present invention. The probe 
incorporates an optical fiber that couples to an imaging system, such 
as a polarimetric imaging system as shown in Figure 1 having 
polarizers and a CCD camera. Alternatively, the dental probe 
optical fiber is the sample arm coupled to a PS-OCDR/ OCT system, 
as shown in Figures 2-3.- The CCDR/OCt syl^em provides depth- 
resolved detection of diseased (e.g., carious) lesions Wh&fevefthe tip 
of the probe touches the sample tissue (e.g., a tooth). This fiber optic 
probe for in vivo diagnosis of caries resembles a dental explorer, a 
device-familiar to dental ciiniciaris. 

The device 70 comprises a hand-held portion 72id that the 
operator can manually -manipulate the device, and a probe portion 
74 that can be easily inserted into a patient' s rnouth. The device Cc.ii 
be designed so that the probe is manipulated robotically or remoteiy, 
in which case a handle for an operator is unnecessary. The shape of 
the probe portion 74 is designed to comfortably access as much of 
the oral cavity as possible, and thus may be curved or angled like a 
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conventjonaLdentel .explorer so ^fcpt r J^ .tip, 7&pi tl^-probe geacheiSo 
the ppsteripr portions o£ the-4erital^^^;>The t ;bends or curves^ in : , ; 
the probe and. optical fiber are, limited by. tte r,adi^,of curyatoe at j 
which significant amoun^p^i^^^s?a^;rrQm^8ifibeF/- Epical [ * ■ 
5 approximately ,04 cm- . { aov hb 00 r -r .-r: v?> icj)j?i'<r<. wV' i : - 
^ ( , .. . The device 70,ccm^ • ; r )r~ 

m.ainta^g (PM)i?^ 

from an imaging system 80, to the tip, 76 oftthe : explorer, device 70 
Light is emitted from ; theitip 7^of thM^Mic^Pi^oroiith^istal end . 

10 of the fiber, 78. Art .optional mjajat^re .v^^YfiRl^ 6 ea r> fcft- attached to 
the end of the fiher ; fp ; c^use -^e;line^rly.f>ql^?5fd4igh| froijfctfoe . 
fiber io become cii^arly.pq!ag3f 4; - A^F^'Y^Y' a .P9l ar *£ a hon 
maintaining (P^)^piical..f4ber ; c^,be ^ed^and the fiber-c^n, be 
rotated pr twisted rtp.-yar^t^^^ 

15 effected by manually rptajing.ihe expj prg^ (device, or by mephanical 
means within the expjprer,/^^ -V\fhe^the 
imaging system, is .a n Qd^/.0&^t^ : ^4gYteisew& as.an- u - 
extension of toe samplea?^/ .^ 

resolved detection of car jo.u^lesi^ps wherever the^tip of the explorer 

20 device touches a toothrUnyvi:? rr:v r A <b ' o 

, .. Although a single optical fiber ; device; is-described in detail, 
the present invention can readily, be modified to accommodate a 
multi-fiber bundle, and thus references to a single fiber also extend 
to the use of a plurality of fibers.. In a multi*fiber probe, the light 

25 from the tip of the device is emitted from the distal end of a plurality 
of fibers. The fiber optic bundle is, connected to an optica^ switch 82 
jor optical multiplexer, which, is used to switch light between the 
fibers in the bundle, The optical switcjx ,§2 is connected to the 
imaging system 80. Alternatively r$ach fiber ^connected to separate 

30 imaging systems.80. v ; ^r. ' . ~ s. ; v r o v 

r . The probe light emjtted,froin,th§ Costal end of the fiber 78 is . 
emitted from the tip ; 76 of -the expJorer.deviceyo and directed at or., 
into, the .hard tissue,!such as enameL aj the appropriate location. i-The 
probe tip 76 may be placed next to a tooth, or slipped.between.a 

35 tooth and periodontal tissue;. rThe spo>size is typically less than.50 
um, and can be on the prder of -5 jjm. The distal endjof ^he^fiber.is, 


* ~~ WO 00/69333 


PCT/I^OO/13878 


cuv :\i\df:*Jx. polished ai.ar; f ■.v.gje; typ^lly appvoxirea^l JO do- 

tissue through .the sid-5-cf the fiber .and .pjrob? by angle pclishing the 
fiber tip at a steeper a:ir^,i.^ , re. - 4.5 degrees. and- then cos ting the 
5 polished ?ui 5302. v;iih r . .vnetvl ;:urh VVrni^r 'rri. The probe light 
^. rJ ^ widen .-would ha^e : a eroiF. .i •: v - -::id iHH^-^*r-7i%fe'thier- ; 
reflected,, Lhat '-rrr^r^ lb?; ,;\-;\- . ¥ i ^fibor'.lp ir^toadro.f in, = , 
front of it 

. .£ Her nati ve.'.y, theJ ig'* Uz?.i.y be fcciised. ysing one. or more 

10 small '1: omecer (e.g., miUimeie r or 5v : hxninimr?ter) optical -cjemrnte or 
optics, f/r-chas gradient* index YG?. k:\>es mirrors, or prisms. The 
focusing/ collection opvics mrry be r»c.".r A ted or attached directly to 
the end of the PM fiber, or the light may travel through fro? cp.?.ce 
fron\ the FM fiber to the op d ;.t : 1 . ;f. rnQurxted^tp the -trd of the 

15 fiber, az> index matching ; :l>r ; f ;r - ; cm* -hlc* epoxy may be placed at 
trie fiber/lens interface .\ox-:L'J:i ^>fj#>ctsve-ind0x--mismti*ch.-and 
reflections,- v; :.: =• ,-\o: : ^-vr. . ..r". 

The probe can be;c< instructed todi^st- the polarized light at 
any angle or angles relative to ihe .tip.. Fc r ;c»;;aiT^ple>an a "forward-; 

20 firing" device, the light is emitted subrt:r^;iUy.-p£Lralte! to the fiber, 
from the very tip of the probe portion: AJternatiyely, the device can 
be "side-firing", where the Mght is emitted from the side of the tip. 
The light may be redirected or focused to the appropriate location by 
angle-polishing the end of the fiber or by using small (§ub[n>illimeter 

25 diameter) focusing/collection optics, such as a GRIN lens ai^d/or a 
prism. The optics may be attached directly to the PM ^ber using an 
index-matching epoxy; The device tip can also be designed to : 
permit light to be emitted from one or more PM fibers in one or t 
more directions at the tip or through a plurality of openings qr tt 

30 transparent areas at or near the tip. . r ,r; v 

The fiber and iocusing/fo^loctian^Dptic^^praferab^/v^. 
internal to the handle and probe portions of the explorer device. The 
probe portion may be a small diameter hollow tube, tapering like a 
needle at the tip. The light emitted from the end of the fiber may 

35 pass through an uncovered openings* or near the tip of the device, 
or through an opening covered by a window of transparent material, 
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or&;S$p tor probe* pol'tiiMi mA^.feq made of a transpapemtmaterial.^ > 
Since ^heXi ^tff th& probe; is in' cbntacfc with dental issues' and. fluids? 
the ^ or psobv portion must^ detachable and disposable, or 
capaMe'Ofrbeing'sletilized^^^^ 
5 tip include 'glass and tmmlEJs ^McskatiV ^, a trai!isparertt/.stei ilized, • 
, ^ disposable^cov^r |>&fcb ifor'fc^gi&i «qpUpases ;e!insb*^<HK* over the 
tip of the prebei pfc&tioK b&L^ j^rtiij.^tia) %^tien^u9 &ral .-•» 
cavity. 

; Go-pending U.S. patenf^ttCfrufchj iDental Optical Coherence 
10 Domain RefiectbilAetry E«pibr^^SeriaijNo.O3/ l 315y0O(>, assigmd to • 
the same assignee/ is incot^atedilierein.by reference and illustrates 
various embodiments of^the pi 3b<3 portion of a fiber optk dental 
explorer device. '• - - • \/.;;nt/l§ii 3..: ; ; •; •>■-' • 

-Mterthe polarized iaeMdru- Jearsvfa-iteKaets with the sample-.; 
15 (eig.i toofh); the light 'reflected* or bikkscattecedi rom the tissue is 

then collected' by the; same opt&aki^airanddetecied by the\imaging 
system 80. The information, i.e., the amount of depolarization, is 
then 'processed by an ana4yfc^84/Jr:o;serve as a tooLfor clinicians, 
titeimages processed bytoanatyzertmay bedisplayed on a video 
20 display'moriitor 86 for vfs^ai inspection. Alternatively, the analyzer 
84 may be programmed to isend a signal when the depolarization of 
the illuminated tissue is within a selected range of values to alert the 
clinician that diseased tissue may be present For example, the 
signal could be auditci y> such as a series of beeps, or in the form of a 
25 visual displayi f - -~ : . .u; s _<,r.>;r 

■y If the imaging system is an^XTDR system, each measurement 
provides a single point profile of optical scattering and polarization 
state as a functionof depth.; By moving or dragging the dental probe 
transversely in One direction across a tooth or othec tissue, a series of 
30 profiles of tissue microstructure are generated. The collected one- 
dimensional scans are cbirtotoedhy .tlteja^yzer:*c>iorm=adepth- 
•• ^solved, two^merisiOmVcr^^ctionakOeT-image-Qf the 
polarization state of light bacfcscatcered fromihe tooth, ; 
EXAMPLE I • trl;: • =: 

35 A prototype optical polarimetry system as shown in Figure 5 

wasbuilt and tested 10 detect caries using, the polarization state of 


^ > f WO 00/69333 


PCT/^SOO/13878 


-16 - 

tight basteczitered frein;o:r;*f?x; - The ^er^p^e; 1 - source is : . 
indicated 3 1 90, lenses are indicated ^^^2 > polarizers are indicated at 
94, the sample is indicated, at 96, .a halMyave plate i> indicated at 98, 
the beamsplitter is riod (.sated: at 100, the: detector is indicated at 10?, 
5 and the, analyzer to process the da ^ ^nd *s£oqated c infiages is 
_ ^ indicated at 104.. The source was a horb^ta^^^Wized — 
superluminesc?^d ; Qdr . o^aiut j^? a; :?nter .H^velen^th oM310 
nm, with a spectral hard of 47 -un. The sample consisted of two 
juxtaposed 5 mm .wids blocks ; porcine en?mel, one of rb^as 
10 artificial^ using a:i b$th The twphlocks 'y>eie 

oriented at 20, degrees to the nor mal in the vertical plane to eliminate 
specular ; reflections. The sample f was scanned :xansverse}y across she 
incident beam from normal p f >a^rl.sarfece to the demineralized 

15 Depolarization of the ; catfe^ed light was quanta ; i by the 

extinction ratio of the reb/dv? ^TLtensitios of vertically and 
horizontally polarized; sea ■!?>: light Figure 6 shows the extinction 
ratio ar a function of transverse position: the ratio of horizontally 
versus vertically polarized light scattered from the demineralized 

20 region of the enamel was appr oxima ce*y naif that Of the ratio for the 
normal enamel. This data demonstrates that the polarization state of 
scattered light is an indicator ^f demii\ei 4 aiizatibn : stat v e in enamel. 
EXAMPLE n 

A bulk optic polarization-sensitive OCT (PS-OGT) systentf as 
25 shown in Figure 2 was built and tested to generate cross-sectional 
images of carious lesions. The PS-OCT system used a 15 mW 
superluminescent diode source operating at a center wavelength of 
1310 nm, with a spectral bandwidth of 47 ran (FWHM) which was 
passed through a polarizer, providing 7.5 mW of horizontally 
30 polarized light. By measuring the ratio of the heterodyned signals as 
a function of depth in the sample, a longitudinal CCDR signal was 
obtained. 

The sample was scanned transversely across the incident 
beam from the normal enamel surface to the demineralized area, and 
35 the longitudinal scans at each transverse position were combined to 
generate a two-dimensional OCT map of the polarization state of the 
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.. returning hghf ; :> -T^ c tV/e?net^d^e^iSgfi9ir^an t^&Paffl&iti&t 
t& generate i : p61a^adoh^ns^nsife^eln^nsity map: 'The data 
shovved'that althbugh fi# bafcKscStteri^g Intensity was only slightly 
affected by the derhiheraiiza'tidrv, the polarization state of the 
scattered light de^fty 3eli^ 

region due td : Qep^IarizatiGi^'^- :fi * -i ^ 1 • 

the pdiafrzMdn-Serisfti UXSCf spJ&h? w&S applied to " 
scanning extracted human te^ 

cariov ' lesions in the enamel. Th§ irivag^s : gekerated wefe^eompared 
to--histbi6gfcai r sections of- thS fel^ftt-aWas W^e : tobth: : Thfe-tarib£is 
enamel was cleairly delineated by : the polarization state of the s » 
scattered Ughf.'* Bbth : -!Krfii^lbgy-*ahd the polarization image 
showed- ddininer'ali^'-'criaiftfel ih'tvg sajrle ftjgions. Vertical strvpes 
seen in the images in the normal enamel are caused by birefringence 
in the tootL osociatedwim the prfooe l%^^pagatirig • 
perpendicular td the crystal a^esof vfie %namei. Those results ' 
indicated that polarizati6hlMage : & in~P^OGT provide accurate 
information for defection itf carious leslbrfe. l ' - a «* f • 

, -. The foregoing description of, preferred embodiments of the ... 
invention is presented; for purposes of illustration and description 
and is not intended to be exhaustive 05 to limit the invention to the 
precise form disclosed. Many modifications and variations are 
possible in light of the above teaching. , y 
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- -the ii rvEi s rnoN Qaj^d iis 

1. A polarization sensitive optical imaging system for 
examining a dental tissue oi interest, comprising: 

a source of polarized light; 

m?*.rtf for directing an incident beam of oolarized light 
having a known polarization state at the dental tissue; 

means for collecting light backscaitered from the dental tissue; 

and 

means fci /measuring tlie-isg;^ of; 'he 

backscattered light. 

2. The system as recited in .CLafei i; further, comprising 
means to vary the polarization state of the incident light so that a 
plurality of sequential beams of incident light having different 
polarization states can be directed at the dental tissue. 

3. The system as recited in Claim 2, wherein the means to 
vary the polarization is selected from the group Consisting of a wave 
plate and a polarization maihtaira 

4. The system as recited in Claim 1, further comprising 
means for measuring polarization as a function 6f depth in the 
dental tissue. 

5. The system as recited in Claim 4, wherein the means for 
measuring depth comprises an optical coherence tomography 
system. 

6. The system as recited in Claim 4; v; herein the means for 
measuring depth comprises a confocal imaging system. 
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7. The system as recited in Claim 1, further comprising 
means for measuring polarization at one or more selected points on 
the dental tissue. 

8. The system as recited in Claim 7, wherein the means for 
measuring at the selected points comprises an j^tjcalcoherence w 
domain reflectomefry system^ : .. , . , ty ... . { T ... 

9. The system as recited in Claim 1, further comprising an 
optical coherence domain reflectometry system. 

10. The system as recited in Claim t wherein the means for 
measuring the degree & polarization' comprises a polarimetf y 
system. 

11. The system as recited in Claim 1, wherein the means for 
directing the incident beam cop^pfiies^n qpsUcal fibe*,; ; f -,.., i: 

*'!v- . ' ::-"r.-. .■ ■ ■ ■ 

12. The system as recited in Claim 1, wherein the means for 

collecting the backscattered light comprises an, optical -fiber. 

■ ' rbbni '*.f> - v. : .': ■>. ':<<<: v.; 

13. The system as reqited. in Claim 1, wherein the means for 

directing the incident beam and the means for collecting the 
backscattered light comprise a single optical fiber. 

14. The system as recited in Claim 1, wherein the means for 
directing the incident beam and the means for collecting the 
backscattered light comprise a plurality of optical fibers. 

15. The system a.s recited in Claim 1, wherein the means for 
directing the incident beam comprises means for directing the 
incident light in a plurality of directions. 

'. '.::.......<;." „•• : ■ : . ' .' :".V •...> b~*'< ■ s-' : .:.; •». 

16. The system as recited in Claim 1, wherein the means for 
directing the incident light and the means for collecting the 
backscattered light comprise an optical fiber and a dental probe 
containing the optical fiber, wherein the probe is capable of being 
inserted into an oral cavity, a v : ; ■■■ ■> ■. 
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17. The system as recited in Claim 1, wherein the polarization 
state of the incident beam is selected from the group consisting of 
circularly polarized, elliptically polarized, and linearly polarized. * 

18. The system as recited in Claim 1, wherein the polarization 
state of the backscattered light is d^polarize^kelafete te-the incident 
light, and further comprising an analyze: that deterrhines the 
amount of ctepolarization. r r/he.rein thf? analyzes operably 
connected to the means for ireasvjing the depolarization. ^ 

19. The system as recited in Claim 18, wherein the analyzer 
sends a signal to a system usei when the antount of depolarization is 
within a selected range of vaJiies^-.-. 

20. The system as recited in Claim 18, wherein the analyzer 
generates an image of depobriz?viori as, a function pf depth in the 
dental tissue; ■.-:/*-;■-,.; --v-; . : -,-v- 

21. The system as recited in Claim 18, wherein the analyzer 
generates an image of depolarization; as a function of transverse 
position on the dental tissue. • ; li ? ! — 

22. The system as recited in Claim 18, wherein the analyzer 
generates an image of depolarization as a function of depth and 
transverse position of the tissue.., . r 

23. The system as recited in Claim 1, further comprising 
means to scan the incident beam ov?r the derita! tissue. 

24. The system as recited in Claim 1, wherein the dental tissue 
comprises a tooth. 

25. A method for examining a dental tissue of interest using a 
polarization sensitive optical imaging system, comprising; 

directing an incident beam cf polarized light having a known 
polarization state at the dental tissu^; 
5 collecting light backscattered from the dental tissue; and 

measuring the degree of depolarization of the backscattered 

light. 
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26, The method as recited in Claim 25, further comprising 
sequentially directiitg a plurality of beains of incident light having 
different polarization states at (he dental tissue: ' ' - 

27. The method as recited in Claim 25, further comprising 
measuring depolarization as a function or depth in the dental tissue. 

2&The^ wh£reiri measuring 

depolarization alsa*^ 

coherence tomography. ^ . % ^ . _ _ ^ _ r 

* f 29: The metH6d : as' Tecited irf Cfeirrt 27/ whereirf fneasuring^ 
depolarization as a function of deptlv ifc carried out by confotfal 
imaging. . _ . _ 

lt 1 : 3fr The method ds recited 'InG^^^ 
measuring depolarization at one or more selected points ort the 
dental tissue. 

31: The method as recited irVClalm 30, wherein measuring 
depolarization at the selected points is carried out by optical 
coherence domain reflectometry. . 

32. The method as reciteQ in Claim 25, wherein measuring the 
degree of polarization is carried out by poiarimetry. 

33. The method as recited in Claim 25, further comprising 
generating ah image Sf depolaH2affoh as a function of transverse 
position on the dental tissue. 

34. The method as recited in Claim 25, wherein directing the 
incident beam and collecting the backscattered light is carried out by 
at least one optical fiber. ~ "/ 

■ 35. The method as recited ift Claim 25, wherein dfretting the 
incident beam comprises directing the incident light in a plurality of 
directions. ' r 1 v o 
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36. The method as recited in Claim 25, wherein directing the 
incident light and collecting the backscattered light is carried out by 
using at least one optical fiber and a dental probe containing the 
optical fiber, wherein the probe is capable of being inserted imo an 
oral cavity. 

37. The.methf>d .as recited in Claim 25, i herein the incident 
light has a polarization state selected fronv the group consisting uf 
circularly polarized, eliiptcally polarized, and linearly polarize J. 

38. The method as rocited in Claim 25, further comprising 
analyzing the polarization state of the backscattered light relative to 
the incident light to determine *Jie amount of depolarization. 

39. The method as recited in Claim 38, further comprising 
sending a signal to a system user when the amount of depolarization 
is within a selected range of values. 

40. The method as recited in Claim 25, further comprising 
generating an image of depolarization as a function of depth in the 
dental tissue. 

41. The method as recited in Claim 25, further comprising 
generating an image of depolarization as a function of depth and 
transverse position of the tissue. 

42. The method as recited in Claim 25, further comprising 
scanning the incident beam over the dental tissue. 

43. The method as recited in Claim 25, wherein the dental 
tissue comprises a tooth. 
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A polarization sensitive optical imaging" 
system is used to detect changes hi polari?a- :; ; 
tion in dental, tissues to aid the diagnosis of. * 
dental disease such as caries. The degree of 
derx>lanzatibn is^i^^ the 
dental tissue With polarizeit light and measuring 
the polarization state of the backscattered light. 
The polararization state of this reflected light is 
analyzed using optical polimetric imaging tech- 
niques. A hand-held fiter optic dental probe is t . 
useo" in vivo to (direct mi incident beam to the 
dental tissue and collect the reflected light To 
provide depth-resolved characterization of the 
dental tissue, the polarization diagnostics may 
be incorporated into optical coherence domain 
reflectometry and optical cohereiK* tomography 
(OCDR/OCT) systems, which enables identifi- 
cation of subsurface depolarization sites associ- 
ated with demineralization of enamel or bone. 
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